Performance of membrane reactor in combination with moving-bed-biofilm reactor (BF-MBR) for treatment of municipal wastewater was investigated in relation to different organic loading rates; high and low rates. The membrane was operated with a constant flux of 50 LMH and 96% recovery. The fouling rate was evaluated as development of the trans-membrane pressure (TMP) during the operational time. Suspended solids (SS) concentrations, organic matter (COD/FCOD), particle size distributions (PSD), capillary suction time (CST) and time to filter (TTF) were measured daily and further related to TMP in order to determine major fouling factors. A higher fouling potential was observed for high-rate operating conditions. A fraction of organic matter below 1.2 μm was mostly related to changes in TMP. Furthermore, a higher amount of particulate fraction below 0.1 μm in membrane reactors during high-rate operating conditions presented a dominant contribution to membrane fouling and colloidal fouling.
Introduction
Membrane bioreactors (MBR) combine the biological treatment processes with membrane filtration to provide an advanced level of organic and SS removal. The process is a refinement of the conventional activated sludge (AS) process where membranes primarily serve to replace the clarifier. The current and most commonly used MBR reactor design employed in municipal wastewater treatment is the submerged process configuration where the membrane modules are immersed in an aerated biological reactor (AS-MBR). An alternative treatment scheme to the AS-MBR is combining a biofilm reactor with membrane filtration for enhanced biomass separation (BF-MBR) Åhl et al., 2005; Melin et al., 2005) . Biofilm processes are also used in wastewater treatment and several reactor designs can be applied, i.e. trickling filters, rotating biological contactors, fluidised bed reactors etc. The moving bed biofilm reactor (MBBR) is an alternative biofilm reactor supplied by AnoxKaldnes (Norway). The MBBR process consists of small plastic biofilm carriers used to create a very large surface area for the biofilm to grow on and are suspended in the reactor by aeration (Ødegaard et al., 1994) . Compared to other biofilm reactors the MBBR tolerates high particulate and organic loading rates and is not susceptible to clogging by particulates (Ødegaard et al., 2000) . The process is also very compact compared to conventional AS processes. A critical and inherent feature in any membrane process is fouling of the membrane. Understanding and controlling membrane fouling will therefore be a central issue in developing either of the systems. Fouling is caused by different substances (i.e. solids, particles, dissolved constituents) and the mechanisms are rather complex and interrelated. The SS concentrations in the effluent from an MBBR reactor are typically below 200 mg/ℓ depending on site wastewater characteristics and loading rates and the SS to be removed from the effluent are therefore relatively low. This aspect of the process is beneficial when considering the combination of the biofilm reactor with membrane separation of the biomass. Given that the high MLSS concentrations commonly used in AS-MBR processes present a fouling issue, one would expect that a benefit of the BF-MBR would be to reduce membrane fouling as operation with low SS loading is possible. Coupling a compact biofilm process with efficient particle separation potentially provides a stable highquality effluent with the possibility for better fouling control based on lower SS in the membrane reactor.
Membrane fouling manifests in various ways and certain types of fouling (reversible) can be removed by backwashing, i.e. cake formation and loose deposits, while others are permanent (irreversible), fouling which is only recoverable by chemical cleaning . A key factor to MBR development is fouling minimisation and control. A lot of effort and research has been done to gain more knowledge of the phenomenon in the past 10 to 15 years. A literature review shows that the number of references sorted out with the keywords: fouling and membrane and (particle or suspension or dispersion) raised from less then 5 in the early 1990s to around 40 per year in 2004 (Aimar, 2003 . Suspended solids are very often identified as a main foulant (Defrance et al., 2000; Bae et al., 2005) where the significance of the submicron colloidal fraction in the SS has been reported to correlate with membrane fouling rates (Wisniewski et al., 2000; Li et al., 2005; Rosenberger et al., 2006) . In MBR processes fouling has also been attributed to extracellular polymeric substances (EPS) and soluble microbial products (SMP) (Nagaoka et al., 1996; Chang et al., 2002; Li et al., 2005; Rosenberger et al., 2006) .
The objective of this study was to investigate the effect of 
Material and methods

Experimental setup
A schematic of the process configuration and pilot plant study is shown in Fig. 1 . The BF-MBR process consists of the following stages; the moving-bed-biofilm reactor followed by an immersed membrane reactor with module.
The biological treatment process: Four moving-bed-biofilm (MBBR) reactors were installed in series as shown in Fig. 1 . The pilot-plant data and operation characteristics of the MBBR are shown in Table 1 . To evaluate the effect of different organic loading rates on the overall performance of the process two operating modes defined as high rate and low rate respectively were chosen. The high-rate mode represents organic loading levels where no nitrification occurs while complete nitrification is achieved under the low-rate mode of operation. The hydraulic retention times (HRT) in the biofilm reactor for the two conditions are an HRT of 1h for the high rate and an HRT of 4h for the low rate respectively. When operating in the high-rate mode, only one of the four MBBRs was used, while all four reactors were used during the low-rate operational conditions.
The membrane separation process: The membrane reactor was based on a submerged reactor design. This configuration allows for a dead-end mode of operation as well as continuous or periodic removal of concentrate. Air scouring can also be applied which generates localised cross-flow conditions along the membrane surface. The localised cross-flow rate is a function of flux and air-flow rate. In this study continuous and periodic extraction of concentrate was employed in combination with continuous air scouring. Details of the pilot plant and operating modes are given in Table 1 . A ZW-10 pilot-plant membrane module supplied by Zenon Environmental Inc. was applied in this study. The overall performance of the membrane process and membrane fouling was determined by measuring changes in the trans-membrane pressure (TMP) over time for a constant flux operation. The development of TMP was measured continuously using an online pressure transducer connected to a data acquisition system from National Instruments, FieldPoint (FP1000 with FP-AI-110 analogue input), in combination with the LabVIEW 6.1 data acquisition and analysis program. The water temperature was also logged continuously with a temperature transducer. Water flow rates were monitored and checked once a day.
Analysis
All analyses were performed according to the Norwegian national or international standards. Suspended solids (SS) were analyzed by filtering through a Whatman GF/C 1.2 μm according to the NS 4733. Chemical oxygen demand (COD) was measured with the Dr Lange LCK314 cuvette test. For the filtered chemical oxygen demand (FCOD) samples were first filtered with Whatman GF/C glass micro-fibre filters (1.2 µm and 0.45 µm) and with Millipore 0.1 µm filters, recorded as FCOD-1.2, FCOD-0.45 and FCOD-0.1 respectively. Samples were filtered successively in order to determine a simplified fractional COD distribution. Capillary suction time-CST (according to Standard Methods, 1998) and time-to-filtrate-TTF (according to a modified method (Standard Methods, 1998) were preformed in order to evaluate dewatering and filtering characteristics of the concentrate. Particle size distribution (PSD) analysis of the water in the various stages of the process was also done using laser diffraction spectroscopy (Beckman Coulter LS230). TMP was logged every 2 s. The data files were filtered by a C++ script in MS Visual Studio 6.0 where values from the beginning of a production cycle were extracted and plotted. Five different sampling points were chosen; raw water inlet, MBBR effluent, membrane reactor (middle zone), permeate and concentrate.
Results and discussion
Process performance
A summary of the measured values for SS, COD and the three FCOD fractions for the respective stages and flows of the process for the high and low loading conditions are given in Table 2 . Experiments are conducted on wastewater pumped into the research hall from the public sewer and inlet wastewater quality therefore varied as a function of natural diurnal variations and wet/dry weather conditions. From the summary it is apparent that the raw water qualities do not vary too much over the experimental period. MBBR effluent values show a difference in effluent quality where lower COD and FCOD values are achieved under low rate conditions, pointing to better removal of organic matter during the low rate operation. A significant difference is noticed in the SS concentration in the membrane reactor as a function of operating mode, showing that the composition and characteristics of the SS in the MBBR effluent is a function of organic loading rate. COD measured in the permeate represents the inert or non biodegradable COD concentration in inlet wastewater. The permeate concentration of COD is less for low rate operation, and is probably a result of more of the less biodegradable COD being removed during low rate operation which has a higher HRT. Table 3 summarises the raw water quality and average removal efficiency for low-and high-rate operating modes respectively. Based on permeate quality measurements it is not possible to make distinguishable differences in the overall treatment efficiency for the process with the two operating conditions tested in this study. Although slightly different average COD values in the influent are reported and percentage removals are a little higher for the low rate mode, the permeate qual- , 2005) . Slightly higher COD values for the high-rate mode may be due to poorer removal of particulate organic matter due to hydrolysis limitations in the shorter HRT of the reactor. The membrane performance, however, was affected by the different organic loading rates and the effect of this on membrane fouling can be seen.
The membrane performance
The membrane performance was evaluated by monitoring the development of the TMP over time for the high rate and low rate modes of operating respectively. Increase in TMP with time correlates to a permeability decline rate (i.e. fouling rate) and ultimately determines how long a sustainable operation of the membrane filtration unit can be achieved for a given operating mode (i.e. flux as a function of feed characteristics). When the TMP reaches a set maximum value membrane fouling is so significant that chemical cleaning is necessary to remove irreversible fouling and recover the performance of the membrane. For the membrane unit used in this study a maximum TMP of 0.5 bar was set for initiation of chemical cleaning and the pilot plant was operated until the TMP reached a value between 0.4 to 0.5 bar. Figure 2 shows the TMP development measured for six experiments; three times operated with a high-rate mode and three times with a low-rate mode. The membrane unit was operated in the same way for all experiments with respect to permeation flux, backwashing flux, operation cycles, air scouring rates, recovery, etc. The rate of permeability decline is given by the TMP value measured immediate after a backwash cycle is completed, and represents an overall fouling rate which determines the degree of irreversible fouling as a function of the operating mode. The values shown in Fig. 2 represent the TMP value measured immediately after a backwash.
From Fig. 2 it is apparent that fouling rates measured during the high rate mode are higher compared to the low rate mode for the conditions tested in this study. The consequence is much shorter operational cycles before chemical cleaning is required and consequently a less desirable performance of the membrane filtration unit. The difference in membrane performance can be attributed to different fouling behaviour of the wastewater based on the concentrate characteristics. Fouling mechanisms are complex and interrelated and analysis of the membrane reactor streams was done in an attempt to identify the dominating fouling mechanism. Various measurements and analyses were conducted to correlate the membrane performance to the SS properties, particulate characteristics and the dissolved constituents. The membrane performance was therefore evaluated with regard to measured values of SS, COD/FCOD, and particle size distribution (PSD) analysis. No clear correlation between SS and COD measured and the permeability decline were seen. A relationship between the measured FCOD-1.2 and TMP was found as illustrated in Fig. 3 . Recent studies show that still it is not clear under which circumstances, which particles are mainly responsible for the fouling. Some studies reported that SS properties are most important for membrane fouling (Defrance et al., 2000; Bae et al., 2005) , while others have identified EPS concentrations as a major factor (Wisniewski et al., 2000; Li et al., 2005) , and others have shown that the submicron particles below 0.1µm are a main fouling factor (Cicek et al., 2003; Pollice et al., 2005) , while yet others have reported that the colloids and soluble fractions are most often responsible for the fouling effects (Wisniewski et al., 2000; Rosenberger et al., 2006) . Figure 3 suggests that in a BF-MBR the fraction of organic matter below 1.2 µm is one of the main contributing factors to membrane fouling.
Concentrate characteristics -low vs. high operating mode
Figure 4 illustrates relative differences in measured concentrate characteristic values for the two operating modes investigated in this study. A capillary suction time analysis (CST) shows a significant difference between the two modes. CST is a measure of the dewatering characteristics of solids/sludge where values below 100s indicate good dewatering characteristics. CST values were commonly below 50 s for the low-rate mode and mostly higher than 150 s for the high-rate mode. Results showed that the low rate mode had consistently better dewatering characteristics. Time to filter 25% of sampled volume (TTF-25) represents the filterability of the concentrate. Both measurements indicate that low-rate suspensions had potentially better filtering characteristics and floc structure that appear to be more favourable for membrane filtration. Lower values represent better filtering characteristics which were observed for low-rate concentrate around 27 s and around 57 s for high rate.
Concentration of FCOD was significantly higher for high-rate concentrates which indicates that colloidal organic fractions could be responsible for poorer concentrate characteristics during the high rate mode of operation. More detailed analyses of the particle size distribution (PSD) were therefore conducted to assess how the membrane performance correlated to this concentrate property.
Effect of the particle size distribution on fouling
Particle size distribution (PSD) analysis for the water streams was evaluated for the inlet feed water, the MBBR effluent, and the membrane reactor and concentrate respectively. No SS were detected in the permeate and PSD analysis was therefore not performed for the permeate. Figure 5 shows typical PSD distribution for named sampling points expressed in differential number % and differential volume %. PSD differential volume % analysis shows that low rate operational conditions produce an effluent from the bioreactor with a higher amount of large particles, mostly around 100 µm (Fig. 5a) , while for the high rate the most abundant fraction of particles was between 20 and 30 µm. In membrane reactor this value decreased slightly for both modes of operation ( Fig. 5b) and can most probably is due to particle breakage during the aeration. From the data measured it is not possible to make an assessment of the respective particle aggregate strengths. In the concentrate the distribution in volume % has the same trend for both operational conditions. 
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Analyses of the submicron fraction shows no significant differential number % of particles in the PSD profile for the MBBR effluent for low and high rate operation respectively (Fig. 5a ). In the membrane reactor and the concentrate stream, however, the measured values are significantly different for the submicron particles with a diameter of around 0.05 to 0.07 µm. The number is almost twice as high for the concentrate analysis for the high-rate mode. If this colloidal fraction is a significant contribution and dominant mechanism of the membrane fouling, the results offer a reasonably good explanation for the higher fouling rates observed during the highrate mode of operation. This finding is in agreement with other studies where submicron colloidal fractions are reported as a significant foulant . Furthermore, the differential number % of submicron particles in the membrane reactor and concentrate are almost the same for high-rate operation. For the low-rate operation a lower value is measured in the concentrate suggesting an aggregation for the submicron particles taking place. This results in a lower amount of these particles around the membrane, i.e. less fouling by colloids during low rate and an overall improved membrane performance observed for low-rate operation. The lower amount of submicron particles in concentrate for low-rate operation is also a contributing factor for better dewatering and filtering characteristics measured for the low-rate concentrate.
Effect of the FCOD distribution on fouling
A simplified FCOD fraction distribution was also performed in order to determinate which fraction of COD below 1.2 may have a major effect on membrane fouling. Figure 6 summarises results for high-and low-rate operation for three different fractions; below 0.1 µm, between 0.1 and 0.45 µm and 0.45 and 1.2. Analysis was done on the same streams as the PSD analysis.
A higher COD concentration was measured for the 0.45 to 1.2 µm fraction in the membrane reactor (i.e. around the membrane) during the high rate operation, while the amount in fraction below 0.1 µm was found to be slightly lower. From the PSD analysis it was expected that a higher amount of submicron organic particles around 0.1 µm should be found as Fig. 5b suggests. From Fig. 6 and Fig. 5b one could postulate that the number of the colloidal fraction below 0.45 µm appears to be the most important contributing factor to membrane fouling. However, the COD analysis does not take into account colloidal particles that are not of an organic nature. The analysis does not differentiate between the nature of the organic compounds and as such evaluations as to the effect of EPS/SMP in the samples and their significance to the fouling observed has not been assessed. Additional and more detailed analysis of the colloidal fractionations are necessary to make an full assessment of the impact of this colloidal fractions on membrane fouling and thereby contribute to a better understanding of dominating mechanisms in membrane fouling. Studies are currently being conducted to expand on these issues.
Conclusions
A BF-MBR process was investigated in terms of membrane fouling, and two different operational modes of the biological filter were investigated. Results from various measurements and analyses show that operating the bioreactor with a low organic loading rate is more favourable for a stable and long-term operation of the membrane filtration unit. For the overall operating conditions tested membrane fouling was found to be more pro-nounced when a high organic loading rate was applied. Possible reasons are:
• Higher amounts of submicron colloidal particles with diameters of less than 0.45 µm were measured around the membrane during the high-rate operation.
• Higher values of the FCOD fraction below 1.2 µm in the MBBR effluent were found for high-rate operation. The nature of the organic matter and significance of the fouling observed needs to be further investigated. • Concentrate analyses indicate more stable and compact floc structures during low-rate operation indicating more favourable filtering conditions with deposition on the membranes exerting less permeation resistance. • Both PSD analysis and fractional distribution of FCOD indicate that the higher amounts of submicron colloids (below 0.45 µm) in the high-rate mode of operation are a significant contribution and the dominant mechanism of the membrane fouling observed.
The results are in agreement with findings from other studies that identify the significance of the submicron particles on membrane fouling in membrane bioreactor processes . More detailed studies are currently being done to make an assessment of the fouling behaviour of this fraction and the nature of particulate matter. The aim is to determine useful correlations between varying operating conditions and expected fouling potentials based on a selection of analytical measurements. of ultrafiltration membranes during the filtration of membrane bioreactor mixed liquor. J. Membrane Sci. 264 (1-2) 151-160. 
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Fractional distribution of FCOD
